A composite is composed of several distinct material components, one of which is contiguous and forms a matrix. The overall properties of the composite material are some average of the properties of its components. The fiber reinforced composites, like the carbon-carbon composites, are heterogenous materials consisting of reinforcement fibers embedded in a matrix. In most cases, the matrix may be considered homogenous and isotropic, but not the fiber reinforcement, which are highly anisotropic fibers. These fibers are grouped into yarns and woven in specific directions. The thermal properties of the matrix and the fibers are usually different. Thermally, the fibers are more conductive than the matrix and play a dominant role in the heat transfer through the composite, especially when the heat flux is parallel to one of the fiber reinforcement directions. The complex nature and strong thermal anisotropy of the fiber reinforcement makes characterization and modeling of 3-D carbon-carbon composites very difficult. Recently, [1, 2, 3, 4, 5] using the flash method for measuring thermal diffusivity, the in-situ thermal properties of the constituents of composite materials were determined.
In the present research we have investigated the thermal anisotropy of a cylindrical weave three-dimensional, carbon-carbon composite material using transmission photoacoustic microscopy. Thermal diffusivities were measured in directions parallel and perpendicular to the fiber reinforcements for the axial, radial and circumferential yarn bundles. In addition, the average thermal diffusivity was calculated by using the estimated value of the yarn bundle fraction or fiber fraction, and the calculated value was compared with the experimental value. [6, 7] is shown in Figure 1 and a cross-sectional view of the photoacoustic cell is illustrated in Figure 2 . The heat source generated at the front surface or the illuminated surface of the sample must diffuse to the back surface (the non-illuminated surface) of the sample before the heat can reach the coupling gas. This diffusion introduces a phase delay in the temperature of the back surface relative to that of the front surface. The temperature phase delay produces a phase delay in the photoacoustic signal, which is measured by a highly sensitive microphone placed in the photoacoustic cell. The characteristic features of our experimental method is that only the transmitted thermal wave contributes to the signal and the thermoelastic bending of the sample is avoided. For a thermally thick and optically opaque sample i.e. a sample in which the thermal diffusion length and the optical absorption length are both smaller than the thickness of the sample, the phase for the back surface photoacoustic signal reduces to [8, 9, 10] , where, f = mOodfutlhaetion frequency Ls diffusivity sample.
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sample thickness and as = thermal A plot of the phase of the back surface photoacoustic signal as a function of the square root of the modulation frequency yields a straight line. The thermal diffusivity of the sample can be calculated from the slope, if the thickness of the sample is known.
The phase of the photoacoustic signal measured as function of the modulation frequency, constitutes the desired experimental data. The phase measurements were performed in two steps: (1) determining the system phase and (2) finding the (system + sample) phase. The system phase was determined by measuring the front surface phase of a thermally thick and optically opaque sample (reference material). According to the R-G theory [11] , the front surface phase of a thermally thick and optically opaque sample is constant at all modulation frequencies above the critical frequency. Therefore, all phase variations of the reference material measured above the critical frequency can be attributed to the ·system and considered as the system phase. The back surface phase measurement was then carried out on the sample. The system phase was then subtracted from the sample phase data, so that the resultant phase difference characterizes the sample alone. Experiments were first performed on graphite, zinc and glass samples. A comparison of our photoacoustic data with the known values of these samples is presented in Table I . The Carbon-carbon composite sample
The samples used in this study are from a billet of a cylindrical weave 3-D carbon-carbon composite. The composite is made of carbon fibers bunched together in the form of yarn bundles embedded in a pitch matrix. The carbon fibers are manufactured by first heating polyacrylonitrile (PAN) fiber under tension in an exidizing atmosphere at about 200°C and then at about 1000°C in an inert atmosphere. The 3-D cylindrical weave composite contains radial yarns, axial yarns and circumferential yarns. The radial yarns pass from the center of a cylinder to the outer surface. Axial yarns are parallel to the axis of the cylinder, and the circumferential yarns are concentric about the axis of the cylinder.
Using a diamond saw, samples were cut in the axial, radial, and circumferential directions from a small block of a carbon-carbon composite billet. After the samples were cut, the top surface was polished so that the individual bundles were identifiable under the microscope. The polished surface was then bonded to a 1 mm thick, 25 mm diameter, glass slide. The thickness of the samples ranged from 300 to 500 micrometers. In figure 3 , the three different sample cuts are shown together with yarns present in each cut. The radial cut contains the parallel axial yarn and the perpendicular radial yarn. Similarly, the circumferential cut contains the parallel radial yarn and perpendicular circumferential yarn, and the axial cut contains the parallel circumferential yarn and the perpendicular axial yarn. These type of samples enabled us to measure the thermal diffusivities in the directions parallel and perpendicular to the fibers for the axial, radial, and circumferential yarn bundles.
MEASUREMENT AND RESULTS
The phase of the back surface photoacoustic signal was measured as function of the modulation frequency. For each sample three experiments were performed: one by focusing the light parallel to the direction of the fibers, one by focusing the light perpendicular to the direction of the fibers, and one by focusing the light on the matrix. The experimental plots of the phase versus the modulation frequency are shown for an axial cut sample in Figure 4 for the three measurements, parallel, perpendicular, and matrix, respectively . For the second type of measurements, experiments were performed without focusing the light, using a spot size 5 mm in diameter . This experiment enabled us to measure the average thermal diffusivities for the axial, radial and circumferential cut samples. The measured values of the thermal diffusivities and the anisotropies of the fibers for the three different yarns in the two orthogonal directions are given in Table 2 . The results indicate an anisotropy factor of about 6 to 7 for the yarns. In an earlier work, Radcliffe (12) measured the anisotropy on Courtauld's "A' type fiber, which is similar to the PAN fibers used in the present study. His measurements suggested an anisotropy ratio of 6 to 10. 
SO RT OF FREOUENCY(HZ) Figure 4 . Back surface data on a circumferential cut sample . Using a method shown by Taylor et al. [11, it is possible to measure the actual yarn bundle fractions in the axial, radial and circumferential directions. In Figure 5 , the thermal diffusivity values are plotted as a function of fiber fraction (yarn bundle fraction) in the direction of the heat flow. The graph indicates a dependence of the average thermal diffusivity on the fiber fraction. Also, using the estimated fiber fractions the average thermal diffusivities were ca1uc1ated by the weighted average method . The calculated average thermal diffusivity for the three samples are compared with the measured values in Table  3 . The agreement between the experimental value and the calculated value is very good. 5~----------------------------- Figure 5 . Dependence of the average thermal diffusivity in the three orthogonal directions on the fiber fractions. 
